Imaging Through Noise With Quantum Illumination by Gregory, Thomas et al.
ar
X
iv
:1
90
7.
09
37
0v
1 
 [q
ua
nt-
ph
]  
22
 Ju
l 2
01
9
Imaging Through Noise With Quantum Illumination
T. Gregory, P.-A. Moreau, E. Toninelli, and M.J. Padgett∗
School of Physics and Astronomy, University of Glasgow,
Glasgow, G12 8QQ, UK
∗To whom correspondence should be addressed; E-mail: miles.padgett@glasgow.ac.uk.
The contrast of an image can be degraded by the presence of background light and sensor noise.
To overcome this degradation, quantum illumination protocols have been theorised (Science 321
(2008), Physics Review Letters 101 (2008)) that exploit the spatial correlations between photon-
pairs. Here we demonstrate the first full-field imaging system using quantum illumination, by an
enhanced detection protocol. With our current technology we achieve a rejection of background
and stray light of order 5 and also report an image contrast improvement up to a factor of 5.5,
which is resilient to both environmental noise and transmission losses. The quantum illumination
protocol differs from usual quantum schemes in that the advantage is maintained even in the pres-
ence of noise and loss. Our approach may enable laboratory-based quantum imaging to be applied
to real-world applications where the suppression of background light and noise is important, such
as imaging under low-photon flux and quantum LIDAR.
Conventional illumination uses a spatially and temporally random sequence of photons to illuminate
an object, whereas quantum illumination can use spatial correlations between pairs of photons to achieve
performance enhancements in the presence of noise and/or losses. This enhancement is made possible by
using detection techniques that preferentially select photon-pair events over isolated background events.
The quantum illumination protocol was introduced by Lloyd [1], and generalized to Gaussian states by Tan
et al. [2], where they proposed a practical version of the protocol. Quantum illumination has applications
in the context of quantum information protocol such as secure communication [3, 4] where it secures com-
munication against passive eavesdropping techniques that take advantage of noise and losses. The protocol
has also been proposed to be useful for detecting the presence of a target object embedded within a noisy
background, despite environmental perturbations and losses destroying the initial entanglement [5, 6, 7].
In 2013, Lopaeva et al. performed an experimental demonstration of the quantum illumination principle,
to determine the presence or absence of a semi-transparent object, by exploiting intensity correlations of
a quantum origin in the presence of thermal light [8]. Additionally, a quantum illumination protocol has
been experimentally demonstrated in the microwave domain [9] and a further demonstration in which joint
detection of the signal and idler is not required [10]. However, these previous demonstrationswere restricted
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to simply detecting the presence or absence of a target, rather than performing any form of spatially resolved
imaging. The acquisition of an image using quantum illumination has recently been reported [11], but that
demonstration was performed using a mono-mode source of correlations and by raster-scanning the object
within this single-mode beam. The aforementioned demonstration may be seen as a qualitative assessment
of the method but a full field imaging implementation of the quantum illumination protocol remains to
be demonstrated using a spatially resolved source of single photons and spatially resolved coincidence
detections. Furthermore, a demonstration of the quantum illumination protocol in which thermal light, as
opposed to a coherent state, is used as the incoming parasitic light so as to better represent environmental
light statistics would be a demonstration of the potential real-world applications of the quantum illumination
protocol.
In quantum imaging, commonly used properties are spatial quantum-correlations, which can be ex-
ploited to surpass the classical limits of imaging [12, 13, 14, 15, 16]. These quantum-correlations have
been used in the case of NOON states for enhanced phase detection [17, 18], through the use of definite
number of photons, to improve the signal to noise ratio for measuring the absorption of objects through
sub-shot-noise measurements [15, 19, 20, 21], and to perform resolution-enhanced imaging by centroid
estimation of photon-pairs [22]. Such schemes rely on the ability to detect and utilise quantum proprieties
after the probed object, and are therefore sensitive to decoherence through the introduction of environmental
noise and optical losses that lead to severe degradation of the quantum enhancement [23]. These schemes
are therefore limited to low-noise and high-detection efficiency conditions, and to the sensing of objects
presenting relatively low absorption. These limitations make such schemes difficult to implement in real-
world conditions. However, the quantum illumination protocol, as described by Lloyd [1], is resilient to
environmental noise and losses.
In this work we utilise spatial correlations between downconverted photon-pairs to demonstrate the
first quantum illumination full-field imaging protocol. The spatial quantum correlations are manifested in
the entangled photon-pairs produced via spontaneous parametric downconversion (SPDC). The twin beams
produced via the SPDC process are directed to different regions of an ElectronMultiplying CCD (EMCCD)
array detector. EMCCD array detectors have previously been used to measure spatial correlations between
photon-pairs [24, 25, 26]. By performing a pixel-by-pixel AND-operation between two regions of an array
detector containing the SPDC beams, we preferentially select correlated photon-pair events and reject un-
correlated background light and sensor noise events. As a result of this preferential selection, the quantum
illumination AND-image resulting from the sum of these AND-events produces a contrast advantage rela-
tive to the classically acquired image, comprising the simple sum of the raw events. This relative contrast
advantage and background rejection is achieved through the suppression of both background light and sen-
sor noise. We also show that the advantage of the quantum illumination protocol over a classical imaging
scheme is maintained in the presence of both noise and losses. This is demonstrated using equivalent exper-
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imental conditions to acquire both the classical image and the quantum illumination AND-image in which
an identical optical system, illumination source, illumination level, and noise, are used to collect data as it is
acquired within the same acquisition. This demonstration of a quantum illumination full-field imaging pro-
tocol is an important development in the application of quantum technologies within a real-world setting in
which background light and sensor noise requires suppression. Applications such as quantum LIDAR will
become more viable as multi-pixel SPAD arrays that are capable of time-tagging single-photon events are
developed which have increased acquisition speed and time resolution thereby potentially allowing depth
measurements to be performed [27].
Results
Imaging system. The experimental configuration is shown in Fig. 1. A 3mm thick β-barium borate (BBO)
non-linear crystal cut for type II degenerate downconversion is pumped by a collimated ∼ 8mm diameter
laser beam at 355nm to generate SPDC photon-pairs centred on the degenerate wavelength of 710nm. A
type II phase-matched downconversion source results in the spatial separation of the two emitted SPDC
beams labelled as the probe beam and the reference beam. The probe beam illuminates the object and may
be subject to environmental losses and noise, while the reference beam neither interacts with the object nor
is it subject to environmental losses and noise. After transmission through the crystal the pump beam is
removed using a pair of dichroic mirrors and a pair of high-transmission interference filters mounted prior
to the camera select the downconverted photon-pairs centred at the degenerate wavelength of 710nm. As
shown in Fig. 1, the target object is placed in the far-field of the crystal such that the probe beam interacts
with it while the reference beam has a free optical path. This plane is demagnified by a factor of eight and
imaged onto an EMCCD array detector, such that the two downconverted beams are imaged by different
regions of the EMCCD array detector of pixel size 13 × 13µm2. The size of the correlations between the
probe and reference beam in the far-field of the downconversion crystal depends upon the wavelength and
diameter of the pump beam, and the effective focal length of the transform lens (L1). For the configuration
presented here this gives a correlation width of σ ≈ 4µm in the plane of the EMCCD camera chip. A
background light field is deliberately introduced using a thermal light source to illuminate a mask which
overlays the probe beam through a reflection from a microscope slide (MS) placed in the image plane of the
crystal. A thermal light source is used so as to simulate real-world conditions in which environmental noise
will follow a similar distribution (i.e. noisier than a Poisson distribution) and be broad-band illumination.
The level of demagnification for the quantum imaging arm was set to maximise the number of SPDC
photon-pairs arriving in anti-correlated detector pixel positions while maintaining the ability to construct an
image which is not under sampled. See supplementary material for full details regarding optical setup and
camera acquisition parameters.
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Figure 1: Schematic of the quantum illumination experimental setup. A BBO crystal cut for type-II
downconversion is pumped by a UV laser to produce entangled photon-pairs via SPDC. The probe beam
interacts with the Target Object placed in the far-field of the crystal while the reference beam has a free
optical path. The lenses L1 = 75mm, L2 = 400mm, and L3 = 50mm comprise the quantum arm optics
used to transform into the far-field, and then to demagnify by a factor of eight onto the EMCCD camera. A
mask illuminated by thermal light is projected onto the camera using lensesL4 = 300mm and L3 = 50mm
by reflection from the microscope slide (MS) placed in the image plane of the crystal.
We obtained our results using an illumination regime that was used by Tasca et al. (2013) [28] in which
the threshold events per pixel per frame from the detection of SPDC photons matches the event rate due
to the noise of the camera which for our detector and acquisition settings is ∼ 0.0016 events per pixel per
frame over the chosen acquisition region. As discussed above, background thermal illumination was added
to the region of the sensor on which the probe beam is detected thereby simulating environmental noise
at the probe beam wavelength which the quantum illumination protocol is able to reject. ND filters may
be introduced after the target object to introduce optical losses as applied to the probe beam in order to
demonstrate the resilience to losses of the quantum illumination protocol.
Image analysis. To take advantage of the quantum illumination a simple pixel-by-pixel AND-operation
between the two regions of the sensor that detect the reference and the probe beams within the same frame.
This pixel-by-pixel AND-operation is equivalent to taking the Hadamard product of the two image arrays
and is represented in Fig. 2 b) where it may be seen that those events that occur in diametrically opposite po-
sitions about the correlation peak are added together to build the quantum illumination AND-image. These
events are selected by rotating the region of the camera frame corresponding to the probe beam through an
angle of pi to transform the momentum anticorrelation into a position correlation and then performing the
AND-operation to select the pixel coordinates in which an event is detected in both the reference and the
probe beam. Performing this operation serves to select the momentum-anticorrelated photon-pairs which
comprise the correlation peak presented in Fig. 2 a). The result of this software AND-operation over a
number of frames is then summed to build the AND-image. Performing this pixel-by-pixel AND-operation
on correlated events, as opposed to the classically acquired image that constitutes single events and also
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includes both sensor noise events and background illumination, an advantage in contrast is achieved. This
advantage is due to the fact that the AND-operation will preferentially keep the photon-pair events and will
reject most of the uncorrelated events that arise from either sensor noise or unwanted background illumi-
nation. The number of accidental coincidences between uncorrelated probe and reference events may be
reduced by operating in a photon-sparse (≪ 1 events per pixel per frame) regime as used here. We show
that the advantage of the quantum illumination protocol is predicted to be resilient to thermal noise and to
losses introduced into the probe arm. Prior to presenting the results a distinction must be made between
the background light and sensor noise, and the internal noise within the images that is due to shot-noise.
The rejection of background light and sensor noise refers to the preferential rejection of uncorrelated events
whereas shot-noise internal to the image may refer to the ’smoothness’ of the image. The quantum illumi-
nation AND-images contain fewer events resulting from background light and sensor noise as evidenced by
the removal of the cage in Fig. 3 but exhibit greater shot-noise due to them containing fewer events overall.
A theoretical description of the protocol can be found in the supplementary material.
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Figure 2: Cross Correlation. a) Correlation peak resulting from the cross-correlation of the two regions
of interest that comprise the beams. Calculated from 100,000 frames in the same regime in which the data
was taken. b) Representation of the pixel-by-pixel AND-operation on a sum of 10 frames for visualisation
purposes. Of the two regions of interest that comprise the regions of the frame on which the reference
and probe beams are detected (ROIs) one must be rotated through an angle of pi in order to transform the
momentum anticorrelation into a position correlation such that the AND-operation selects the momentum
anticorrelated photon-pairs.
Rejection of structured thermal illumination. The quantum illumination protocol works with arbi-
trary structured and a-priori unknown environmental background, which illustrates that the quantum illumi-
nation protocol works when a lack of knowledge of the background does not permit any ad-hoc background
subtraction. We demonstrate that this quantum illumination protocol may be used to separate an object
illuminated by the probe beam from a mask illuminated with thermal light. In Fig. 3 the bird and the fish
are illuminated by the probe beam and the cage and net are illuminated by thermal light. By performing
the same AND-analysis as previously described on the acquired frames to preferentially reject uncorrelated
background light and sensor noise events the quantum-illuminated bird and fish may be distinguished from
the thermally illuminated cage and net respectively. The rejection of the structured illumination in the form
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of the cage or net may be characterised as a noise rejection ratio. The ratio of quantum-illuminated target
object regions to thermally-illuminated mask regions for the images constructed by performing the AND-
operation on correlated light and the classical image is assessed. The noise rejection ratio is taken to be the
ratio of the values obtained from the quantum illumination AND-image and the classically acquired image.
For the bird in a cage and fish in a net as shown in Fig. 3 an improvement in the noise rejection of a factor
of order 5 is observed, limited only by our technical implementation.
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Figure 3: Images of quantum illuminated object preferentially selected over thermally illuminated
mask. Images of an object under quantum illumination overlaid with a thermally illuminated mask (second
column). By applying the AND-operation on the data, the quantum illuminated object may be separated
from the thermally illuminated mask (third column). In doing so the bird may be released from its cage and
the fish released from its net. Red lines indicate the rows of the image used to generate the cut graph as
shown below the images while blue lines indicate the columns used to generate the cut graph to the left of
the images. Rows and columns used to generate the cut graphs as denoted by the red lines and blue lines
respectively are rows 24-36 and columns 26-30 for the bird in a cage and rows 33-37 and columns 33-37
for the fish in a net. Images are constructed over 3 million frames and are 49× 49 pixels.
In Fig. 3 alongside the images horizontal and vertical cuts through the images are displayed in red and
blue respectively. In the graphs referring to the classically acquired images there exist peaks corresponding
to the thermally illuminated cage and net, while in the case of the graphs referring to the quantum illumi-
nation AND-images the prominence of these peaks are greatly reduced due to the preferential rejection of
the uncorrelated background noise events. The graphs referring to the quantum illumination AND-image
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exhibit greater shot-noise due to the images containing fewer events than the classically acquired images
and therefore some peaks are visible in the cut graphs.
Figure 4 displays the bird in a cage under two further illumination conditions. Firstly under an increased
level of structured thermal background, and secondly with this increased level of thermal background and
with additional losses introduced into the probe beam. In both cases the prominence of the bars is again
reduced in the quantum illumination AND-image compared to the classically acquired image, however,
some structure remains visible as a result of false correlations. The noise rejection ratio for the images
obtained under the two further illumination conditions is of order 5 and 6 for the second and third row of
Fig. 4 respectively.
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
Normalised Intensity (arb. units)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1 25 49
pixel
0
0.5
1
Norm
alised
 Inten
sity (
arb. u
nits)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
Normalised Intensity (arb. units)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1 25 49
pixel
0
0.5
1
Norm
alised
 Inten
sity (
arb. u
nits)
0 4925
Column
1
0
0
1
0
4
9
2
5
R
o
w
Normalised 
Intensity 
(arb. units)
1 25 49
pixel
0
0.5
1
Norm
alised
 Inten
sity (
arb. u
nits)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
Normalised Intensity (arb. units)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1 25 49
pixel
0
0.5
1
Norm
alised
 Inten
sity (
arb. u
nits)
Quantum 
illumination 
AND image
Classically 
acquired 
image
N
o
rm
a
lis
e
d
 e
v
e
n
t c
o
u
n
ts
0 4925
Column
1
0 1
0
2
5
R
o
w
Normalised 
Intensity 
(arb. units)
4
9
Increased 
thermal 
lllumination
Increased 
thermal 
lllumination
plus
losses
introduced
Norm
alised
 Inten
sity (
arb. u
nits)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
Normalised Intensity (arb. units)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
0 4925
Column
1
0
0
1
0
4
9
2
5
R
o
w
Normalised 
Intensity 
(arb. units)
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
1
2
5
4
9
p
i
x
e
l
0
0
.
5 1
0 1
0
4
9
2
5
R
o
w
Norm
alised
 Inten
sity (
arb. u
nits)
0 4925
Column
1
0
0
1
0
4
9
2
5
R
o
w
Normalised 
Intensity 
(arb. units)
0
Figure 4: Images of quantum illuminated object preferentially selected over thermally illuminated
mask with losses. Images of an object under quantum illumination overlaid with a thermally illuminated
cage (second column). By applying the AND-operation on the data, the quantum illuminated object may be
separated from the thermally illuminated mask (third column). In doing so the bird may be released from
its cage. The second row displays the bird in a cage from Fig. 3 with the level of thermal illumination
increased by a factor of ∼ 2. The third row displays the bird in a cage from Fig. 3 with the level of thermal
illumination increased by a factor of ∼ 2 and with ∼ 50% optical losses introduced into the probe beam by
way of an ND filter. Red lines indicate the rows of the image used to generate the cut graph as shown below
the images while blue lines indicate the columns used to generate the cut graph to the left of the images.
Rows and columns used to generate the cut graphs as denoted by the red lines and blue lines respectively
are rows 24-36 and columns 25-29 for the images with increased thermal illumination and rows 24-36 and
columns 24-28 for the images with increased thermal illumination and with losses introduced. Images are
constructed over 3 million frames and are 49× 49 pixels.
Quantum illumination advantage. In order to assess the robustness of this QI protocol under differing
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loss and thermal noise levels we measure the ability of our QI scheme to reject the backgound thermal light
and sensor noise. We use the ratio between the contrasts of the quantum illumination AND-image and the
classical image. In both cases, image contrast is quantitatively assessed using the Michelson contrast or
visibility (V ) as represented in Equation (1), in which the difference between the calculated intensities of
the bright region (Imax) and the dark region (Imin) of the final summed image is divided by the sum of the
intensities in the bright and dark regions.
VQ/C =
Imax − Imin
Imax + Imin
(1)
To assess the advantage of the quantum illumination protocol, in this work we define the quantum
illumination advantage, A, as the ratio between the contrast VQ of the image acquired through quantum
illumination (i.e. the image obtained by keeping only the correlated events through performing the AND-
operation) and the contrast VC of the image acquired simply by summing the probe-image events over all
frames.
A =
VQ
VC
(2)
So as to verify that the scheme presented here is a quantum illumination scheme a binary mask of the
University of Glasgow (UoG) initials laser cut from a piece of card was used as the target object. Figure
5 shows a comparison between performing the aforementioned AND-analysis on 1.5 million frames to the
corresponding classical image over a range of increasing optical losses introduced into the probe arm of the
system by means of a series of ND filters.
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Figure 5: Imaging using quantum illumination with losses introduced. Imaging using quantum illu-
mination within a thermal background with optical losses introduced. Images of the UoG object with the
classical image created by averaging all frames (second column), and the quantum illumination AND-image
built from the sum of results of performing an AND-operation to select correlated events in the reference
and probe beams (third column). The UoG object illuminated by the probe beam is imaged under the con-
ditions of increasing optical losses (see the transmission of the ND filters placed into the probe beam at
710nm in the first column). The quantum illumination advantage A under these levels of optical losses for
images constructed over 1.5 million frames is displayed in the fourth column. Images are 45× 45 pixels.
From the images presented in Fig. 5 it is seen that the quantum illumination advantage, A, increases
with the level of optical losses introduced. This increase in the quantum illumination advantage is due to
the fact that the classical image contrast, in which all events are kept, degrades faster than the quantum
illumination AND-image constructed using the result of the AND-operation (see supplementary material
for a theoretical description of the effect). The quantum illumination advantage also increases with the
level of background noise events introduced into the probe beam from a thermal source, as is the expected
behaviour from the equations we present in the supplementary material. We present the corresponding
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experimental results with increasing thermal illumination introduced into the system in the supplementary
material.
In addition to the imaging results for this quantum illumination protocol we also consider how it may
be used in an application where the presence or absence of an object needs to be assessed. This is the
context in which Lloyd [1] originally proposed the quantum illumination protocol and has clear applications
in realising quantum LIDAR or quantum RADAR applications. It can be demonstrated that a strategy
combining the information from the classical data and the quantum data, both acquired through quantum
illumination, will always lead to a bit-error-rate enhancement, as long as a contrast advantage is detected
in the quantum data. This bit-error-rate enhancement in the context of quantum illumination protocols is
discussed in the supplementary material.
Discussion
We have demonstrated a quantum illumination protocol to perform full-field imaging achieving a contrast
enhancement through the suppression of both background light and sensor noise. Structure within the
thermal background illumination is potentially a-priori unknown and therefore cannot be suppressed with
a simple ad-hoc background subtraction. Through resilience to environmental noise and losses, such a
quantum illumination protocol should find applications in real-world implementations including quantum
microscopy for low light-level imaging, quantum LIDAR imaging applications, and quantum RADAR. Im-
provements in detector technologies such as SPAD arrays capable of time-tagging events should enable
time-of-flight applications to be realised and applied outside of the laboratory through the increased acqui-
sition speed and time resolution that they enable.
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